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INTRODUCTION 

T h i s  p rogress  r e p o r t  p re sen t s  r e s u l t s  of research  

carried o u t  under Grant NGL 34-002-047 during t h e  per iod  

June 1, 1970  t o  September 30 ,  1970. 

During the r e p o r t  pe r iod  an ex tens ive  measurement 

program was carried o u t  s i n c e  t h e  equipment assembled and 

i n  p a r t  developed during preceding per iods  became ope ra t iona l  

i n  a condi t ion  t o  y i e l d  t h e  desired and necessary high- 

accuracy data. 

The equipment f o r  t h e  measurement of e lectromagnet ic  

f ie lds  equipped w i t h  a p l o t t e r  and compensated probes per- 

m i t s  accura te  and e f f e c t i v e  determinat ion of f i e l d  distri-  

but ions  i n s i d e  and o u t s i d e  of open waveguides and resonators .  

The effects of t h e  probes on t h e  measured f i e l d  d i s t r i b u t i o n s  

have been s tud ied ,  a r e  knownp and can be reduced i n  p a r t  by 

t h e  choice of proper  l o c a t i o n s  f o r  t h e  measurements and i n  

p a r t  by compensation. 

The e r r o r  of t h e  s e t u p  f o r  t h e  Q-value measurements 

ha$ been reduced during t h e  l a s t  year  by about a f a c t o r  5. 

The se tup  fac i l i t a tes  measurements w i t h  an accuracy of about 

1% using  r o u t i n e  procedures and better under s p e c i a l  con- 

d i t i o n s .  I t  can be used f o r  f requencies  up t o  1 0 0  G H z .  The 

improvement was necessary t o  g ive  r e l i a b l e  d a t a  fo r  the  com- 

p a r a t i v e  s tudy of var ious approaches f o r  non-conventional 

methods of t ransmission of  m i l l i m e t e r  waves and for  t h e  deter- 

mination of  the  e f f e c t s  of su r face  p r o p e r t i e s ,  such a s  rough- 

ness ,  on the  a t t enua t ion  of waveguides and on the  &-value of 
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resonators ,  

A comparative s tudy of t h e  f i e l d  d i s t r i b u t i o n s  of t w o  

prototypes of  fence guides  a r e  descr ibed i n  p a r t  1 of t h e  

r e p o r t .  The  t w o  models d i f f e r  by t h e  spacing between t h e  

w i r e s  of t h e  w i r e  g r i d s  forming t h e  s i d e  w a l l s .  Longi tudinal  

d i s t r i b u t i o n s  of  t h e  f i e l d s  w e r e  measured under var ious  con- 

d i t i o n s  of loading by d i e l e c t r i c  s l a b s  and f o r  d i f f e r e n t  con- 

d i t i o n s  of loading by the  probe a t  a series of f requencies .  

The d a t a  w e r e  then eva lua ted  t o  g ive  t h e  guide wavelength. 

Transverse f i e l d  d i s t r i b u t i o n s  i n s i d e  and o u t s i d e  and t h e  

v e r t i c a l  decay of t h e  f i e l d  i n s i d e  the  guide were measured 

also, T h e  d a t a  w e r e  eva lua ted  and t h e  r e s u l t s  gave valuable  

information fo r  t h e  design of fence guides.  During these  

measurements, t h e  effects of loading by t h e  probe w e r e  

s tud ied .  As a r e s u l t  of t h i s  s tudy measurement procedures 

w e r e  developed f o r  reducing t h e  e f f e c t s  of probe loading ,  

The two s e c t i o n s  of fence guide were then used a s  re- 

sona to r s  fo r  the  determinat ion o€ t h e  Q-values. The Q-values 

i n  t u r n  permit  f i nd ing  t h e  values  of a t t enua t ion  of t h e  guides.  

This  s tudy i s  descr ibed i n  p a r t  2 of t h e  r epor t .  I t  was found 

t h a t  due t o  nonuniformity of  t h e  fence guide,  measurements of 

t h e  a t t enua t ion  by eva lua t ion  of t h e  Q-value give more re- 

liable r e s u l t s  than other poss ib l e  measurements a The s tudy 

was then extended t o  test t h e  effect o f  loading t h e  fence 

guide by a d d i t i o n a l  d ie lectr ic  slabs i n  t h e  cen te r  of t he  

guide,  I t  was found t h a t  the  Q-values became considerably 

h igher  i n  t h e  case of loading,  as it was an t i c ipa t ed .  &-values 
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a s  high as  2000 were measured., This compares wi th  va lues  of 

about 800 f o r  t h e  unloaded fence guide.  The loading was 

c a r r i e d  o u t  by adding a dielectric s t r i p  1/32" t h i c k  on top  

of the  r e g u l a r  dielectric slab between t h e  fences of t h e  

guide-  

P a r t  3 of the  r e p o r t  p re sen t s  t h e  r e s u l t s  of an i n v e s t i -  

ga t ion  of pa ra l l e l -wa l l  waveguides wi th  var ious  c ros s - sec t iona l  

geometries f o r  dielectr ic  loading. The effects of p lac ing  

dielectric s t r i p s  o r i e n t e d  p a r a l l e l  and perpendicular  t o  t h e  

side w a l l s  and c i r c u l a r  rods i n  t h e  pa ra l l e l -wa l l  waveguide 

w e r e  i n v e s t i g a t e d ,  Longi tudinal  and t r ansve r se  f i e l d  d i s t r i -  

bu t ions  and Q-values of shorted s e c t i o n s  of  t h e  loaded guides 

were measured and evaluated.  Rexol i te  and Lucalox ( a  high- 

p u r i t y  alumina oxide)  were used as d i e l e c t r i c s .  The r e s u l t s  

of these measurements can be  used t o  ob ta in  optimum cross- 

s e c t i o n a l  geometries fo r  H-guides and loaded fence guides e 

I t  w a s  observed t h a t  t h e  a t t enua t ion  of fence guides can be 

reduced by d i e l e c t r i c  loading,  which means by adding a dielec- 

t r i c  s t r i p  o r  rod t o  the c e n t r a l  dielectric s l ab .  Evaluation 

of t h e  r e s u l t s  suggests  optimum s t r u c t u r e s  fo r  t h e  loading,  

Prel iminary r e s u l t s  of t he  s tudy  of su r face  roughness on 

t h e  Q-value o f  r e sona to r s  and on the  a t t e n u a t i o n  of waveguides 

are descr ibed  i n  p a r t  4 .  The m i l l i m e t e r - w a v e  and o p t i c a l  

equipment of the  l abora to ry  and the  developed measurement 

procedures made such a s tudy  poss ib le .  I ts  task is  t h e  

a n a l y s i s  of d i screpancies  observed between t h e  experimental  

and t h e o r e t i c a l  values  of t h e  q u a l i t y  f a c t o r s  of r e sona to r s  
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and of t h e  a t t e n u a t i o n s  of waveguides a t  very high f requehcies ,  

Discrepancies of about 30% a r e  common i n  t h e  frequency region 

a t  around 35 GHz. The effects of su r face  roughness are 

measured e l e c t r i c a l l y  and correlated w i t h  t h e  su r face  strhc- 

t u r e s  observed mechanically and o p t i c a l l y .  The H-guide c a v i t y  

used f o r  these measurements e l imina te s  d i f f i c u l t i e s  encountered 

a t  similar measurements using customary c a v i t i e s .  

P a r t  5 of t h i s  r e p o r t  deals w i t h  a study of mic ros t r ip  

l i n e s  i n  the  frequency range of about 32 t o  36 GHz,  A l i ter-  

a t u r e  review carried ou t  previously,  t h e  eva lua t ion  of d a t a  

presented a t  p ro fes s iona l  meetingsr and d iscuss ions  wi th  re- 

sea rche r s  working i n  t h i s  a r ea ,  showed t h a t  it i s  d i f f i c u l t  

t o  ob ta in  r e l i a b l e  d a t a  of  thebe l i n e s  i n  t h i s  frequency 

range. Resul t s  of measurements c a r r i e d  o u t  i n  d i f f e r e n t - l a b o -  

r a t o r i e s  and by d i f f e r e n t  people do n o t  agree.  Since r e l i a b l e  

data are requi red  for  a comparison of nonconventional t r ans -  

mission methods and s i n c e  equipment and procedures f o r  

accu ra t e  measurements a r e  a v a i l a b l e  i n  ou r  labora tory ,  measure- 

ments were ; i n i t i a t e d  t o  f i n d  the characteristics of a number 

of samples of commercially a v a i l a b l e  s t r i p l i n e s .  A measure- 

ment s e t u p  w i t h  t r a n s i t i o n s  from waveguides t o  s t r i p l i n e s  

w a s  prepared and measurements c a r r i e d  out .  L t  bdcame apparent  

i n  t h e  e a r l y  s t a g e s  of t h e  measurements t h a t  they are d i f f i -  

c u l t  t o  carr o u t  and t h a t  it i s  s i m i l a r l y  d i f f i c u l t  t o  ob ta in  

r epea tab le  and re l iable  r e s u l t s .  The measurements were then 

extended t o  be made according t o  t h r e e  d i f f e r e n t  methods. 
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measurements on transmission-type c a v i t i e s  made of s e c t i o n s  

of mic ros t r ip ,  and ( 3 )  Q-value measurements of resonant  

s e c t i o n s  by eva lua t ion  of i n p u t  r e f l e c t i o n  c o e f f i c i e n t s .  

The measurement procedures were continuously improved u n t i l  

agreement o f  t h e  r e s u l t s  w a s  obtained. I t  was found t h a t  

con tac t  problems, secondary r a d i a t i o n  from t h e  t r a n s i t i o n s ,  

and spur ious  wave modes considerably affected the measure- 

ments. Only by c a r e f u l  opera t ions  could these d i f f i c u l t i e s  

be overcome. I t  i s  f e l t  t h a t  t h e  measured data presented 

i n  p a r t  5 of t h i s  r e p o r t  have been obtained by such 

opera t ions  and have t h e  desired r e l i a b i l i t y .  They can be 

used i n  t h e  comparison of nonconventional methods of m i l l i -  

meter wave t ransmission.  

A t  p r e sen t ,  an a t tempt  i s  being made to  extend t h e  

fence guide concept toward lower f requencies ,  namely 1 5  G H z .  

The work w i l l  y i e l d  desired d a t a  f o r  c i r c u i t s  based on t h i s  

concept and it w i l l  i n d i c a t e  t h e  lower frequency l i m i t  of 

t h e  app l i ca t ion  of t h i s  concept.  
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COMPARATIVE STUDY O F  FENCE-GUIDE FIELDS 

Abstract 

Measurements w e r e  carried ou t  on t w o  prototypes of fence 

guide w i t h  s l i g h t l y  d i f f e r e n t  spacings between t h e  p o s t s  of t h e  

w i r e  g r i d s  forming the s idewal l s .  The f i e l d  d i s t r i b u t i o n s  in -  

side and i n  t h e  v i c i n i t y  of t h e  guide w e r e  determined. Their  

eva lua t ion  g ives  the  values  of t h e  guide wavelength and of t h e  

decay f a c t o r s  for  t h e  exponent ia l  f i e l d  decrease above and be- 

l o w  t h e  dielectr ic  s l a b .  Loading e f f e c t s  due t o  t h e  probe 

were i n v e s t i g a t e d  and at tempts  made t o  c o r r e c t  t h e  measured 

r e s u l t s  and t o  e l imina te  e r r o r s  due t o  loading. The loading  

effect  of t h e  probe was found t o  cause double peaks of t h e  

f i e l d  d i s t r i b u t i o n s .  A b r i e f  d e s c r i p t i o n  of t h e  loading and 

t h e  compensation i s  included i n  t h e  appendix. 
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A COMPARATIVE STUDY OF FENCE-GUIDE FIELDS 

In t roduct ion  

Measurements of e lectromagnet ic  f i e l d s  c a r r i e d  o u t  on a 

fence guide were repor ted  i n  t h e  progress  r e p o r t  (NGL 34-002-047), 

Addit ional  and more d e t a i l e d  measurements w e r e  c a r r i e d  out on 

t w o  175  mm long s e c t i o n s  of fence guide t o  s tudy t h e  e f f e c t s  

of t h e  spacing of w i r e s  of t h e  fence.  The prototype fence 

guides w e r e  f a b r i c a t e d  using copper w i r e s  of diameter 

= 0.862 mm and spacings sw = 1.168 mm (Model 11) and 1 . 0 1 6  mm 
dW 

(Model I )  on a Rexol i te  s h e e t  of 1/32" thickness .  Experimental 

e f f o r t s  w e r e  m a d e  t o  determine: 

(1) Longitudinal d i s t r i b u t i o n s  of f i e l d  under var ious  
load condi t ions .  

( 2 )  Guide wavelength, X as a func t ion  of frequency. 

( 3 )  Transverse f i e l d  d i s t r i b u t i o n s  i n s i d e  t h e  fence 
guide,  taking i n t o  cons idera t ion  loading by t h e  probe. 

g' 

(4) Exponential  decay of t h e  t r ansve r se  f i e l d .  

The effects  of probes on t h e  f i e l d  d i s t r i b u t i o n  were pre- 

l i m i n a r i l y  s tud ied  and a b r i e f  d e s c r i p t i o n  i s  included i n  t h e  

appeqdix. 

The measurements w e r e  made using an improved c a p a c i t i v e  

monopole wi th  compensation. The diameter of the  probe was re- 

duced t o  1 . 7 0  mm i n  combination wi th  a coaxial cable  of  0 .82  m. 

I t  was found t h a t  t h e  probe a f f e c t s  t h e  f i e l d  d i s t r i b u t i o n  

appreciably.  When used t o  measure t h e  f i e l d s  t h e  probe loaded 

t h e  waveguide causing a reduct ion of t h e  ou tpu t  power of t h e  

fence guide by as much a s  10-12  db i n  t h e  s t r o n g - f i e l d  region 

t o  l i t t l e  o r  no (about 0 .5  db) loading a t  very l o w  f i e l d =  

I 
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s t r e n g t h  values ,  Curves showing t h e  amount of loading a r e  

included. I n  some cases, t h e  curves w e r e  compensated f o r  t h e  

loading e f f e c t .  

Longitudinal D i s t r i b u t i o n  

The f i e l d  d i s t r i b u t i o n  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  

was measured under s h o r t - c i r c u i t  and matched-load condi t ions .  

They w e r e  determined a t  t h e  center, a t  t w o  d i f f e r e n t  he igh t s  

and nea r  t h e  fence w i r e s .  The curves showing t h e  measurement 

r e s u l t s  are d isp layed  i n  Figs .  1 t o  7 

The s h o r t - c i r c u i t  standing-wave p a t t e r n s  as repor ted  i n  

t h e  ear l ier  r e p o r t  NGL 34-002-047 of June 15, 1970 and as shown 

i n  Fig. 1 and Fig. 4 f o r  t h e  two fence guide models a t  1 mm 

above t h e  d i e l e c t r i c ,  have some maxima wi th  double peaks. The 

measurements w e r e  repea ted  a t  5 mm above t h e  d i e l e c t r i c  where 

t h e  f i e l d  i s  about 6 db lower than a t  1 mm due t o  t h e  exponen- 

t i a l  decay. The r e s u l t i n g  f i e l d  d i s t r i b u t i o n  p l o t t e d  i n  Fig. 2 

has no double peaks. Standing wave d i s t r i b u t i o n s  near  t h e  

fence ( i n s i d e )  a t  1 mm above t h e  d i e l e c t r i c  with one shown i n  

Fig. 5a and 5b also have no double peaks. The f i e l d  near  t h e  

fence i s  r a t h e r  l o w  due t o  t h e  s inuso ida l  v a r i a t i o n  of  t h e  

t r ansve r se  f i e l d ,  and t h i s  r e s u l t s  i n  a lower loading e f f e c t .  

This then  shows t h a t  double-peaks are p r imar i ly  t h e  r e s u l t  of 

loading by t h e  probe. 

Longi tudinal  f i e l d  d i s t r i b u t i o n  wi th  a matched load 

(TRG-VSWR 1 - 0 5 )  a r e  shown i n  Fig.  6 t o  Fig. 7 a t  1 mm and 5 mm 

above t h e  d i e l e c t r i c ,  The p a t t e r n s  are i r r e g u l a r  and t h e  maxi- 

mum VSWR v a r i e s  from 3 db t o  5 db. The power l e v e l s  being 
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cons iderably  lower, t h e  p a t t e r n s  have no double peaks. 

The r e l a t i v e  magnitude of  t h e  f i e l d  o u t s i d e  t h e  fence i s  

also of in te res t .  The f i e l d s  were measured i n s i d e  a t  t h e  center 

and ou t s ide  a t  3 mm away from t h e  fence ,  wi th  t h e  guide shor ted  

a t  t h e  end. The p l o t s  are Fig. 8 and 9. One observes  t h a t  

t h e  o u t s i d e  f i e l d  i s  a t  l eas t  36 db below t h e  maximum f i e l d  

i n s i d e  i n  both fence guides .  This i n d i c a t e s  t h a t  leakage i s  

n o t  very much a f f e c t e d  by small  changes i n  fence spacing. 

Guide Wavelength 

The l o n g i t u d i n a l  s tanding  wave p a t t e r n s  were measured 

i n  t h e  frequency range 34.5 - 37.0 GHz a t  0.5 G H z  i n t e r v a l  

f o r  t he  t w o  fence guides  and guide wavelengths a t  t h e s e  f r e -  

quencies  w e r e  computed. 

Table I 

i n  mm f o r  fence  guide wi th  spac ing  
x g  Frequency 

GH z 

= 1.168 mm 
sW 

Sw = 1 . 0 1 6  mm 

34.5 11,46959 
35.0 1 1 . 1 7 6 4 8  
35.5 10.96283 
36.0 10.63593 
36.5 10.38155 
37.0 10.13513 

11.54954 
11,20720 
10.95495 
10.64189 
10.33783 
10.09804 

Fig. 1 0  i s  a p l o t  of  Table I f o r  t h e  two fence guides  and 

shows t h a t  t h e  v a r i a t i o n  of t h e  guide wavelength wi th  frequency 

i s  f a i r l y  close t o  a s t r a i g h t  l i n e  ( s lope  0.53 mm/GHz).  The 

t w o  curves  d i f f e r  by a m a x i m u m  devia t ion  o f  0.07995, of  measure- 

ment as w e l l  as any e f f e c t s  of  change of  spac ing  on guide wave- 

length .  
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Transverse-Field D i s t r i b u t i o n s  

Transverse- f ie ld  measurements were c a r r i e d  out  a t  t h e  lo- 

ca t ion  of var ious maxima a t  d i f f e r e n t  he ights .  Fig.  ll shows 

p l o t s  i n  t h e  f o u r t h  maximum of t h e  f i e l d  d i s t r i b u t i o n  and t h e  

guide output .  The d i s t r i b u t i o n s  have t h e  double peaks. A p l o t  

of t h e  compensated f i e l d  d i s t r i b u t i o n  a t  2 mm he igh t  i s  shown 

i n  Fig. 1 2 .  The e f f e c t  of loading can be c l e a r l y  seen with 

compensation, t h e  double peak vanishes ,  t h e  d i s t r i b u t i o n  is 

c lose  t o  s inuso ida l .  

Transverse f i e l d s  measured above t h e  l e v e l  of t h e  fence 

are shown i n  Fig. 13 f o r  d i f f e r e n t  h e i g h t s  i n  s t e p s  of 5 mm. 

The f i e l d  i s  very symmetrical with r e s p e c t  t o  t h e  fence guide 

center where it is  maximum. The loading due t o  probe was 

n e g l i g i b l y  s m a l l  due t o  t h e  f i e l d  being more than 15  db below 

t h e  f i e l d  a t  t h e  1 mm l e v e l  above t h e  d i e l e c t r i c .  The f i g u r e s  

a l s o  inc lude  a p l o t  of t h e  maximum f i e l d  versus  he ight .  The 

r a t e  of f i e l d  decrease f o r  t h e  two fence guides are: 

Table I1 

Fence guide with spacing (mm) F i e l d  decrease i n  db/mm 

1 . 0 1 6  
1 .168  

2 . 0 0  db/mm 
4 ,OO db/mm 

This l a r g e  d i f f e r e n c e  i n  t h e  rate of f i e l d  decrease f o r  t h e  two 

fence guides  needs f u r t h e r  considerat ion.  

Exponential  Decay of t h e  F i e l d  

The exponent ia l  decay of v e r t i c a l  component of t h e  e lectr ic  

f i e l d  normal t o  t h e  d i e l e c t r i c - p l a n e  w a s  measured a t  var ious  
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l oca t ions  with the  fence guides  s h o r t  c i r c u i t e d .  The curves 

a t  t h e  t h i r d  maximum a t  t h e  center and near  t h e  fence a r e  Fig.  

1 4  t o  Fig.  1 6 .  Both, f o r  compensated and uncompensated cases, 

t h e  curves were then p l o t t e d  on a l i n e a r  s c a l e .  The s lope  of 

t h e  curves g iv ing  t h e  decay f a c t o r  ax f o r  t h e  f i e l d  on t h e  fence 

guides are t abu la t ed  below: 

Table I11 

Compensated 

Compensated 

Two d i f f e r e n t  values  of ax w e r e  observed, one near  t h e  

d i e l e c t r i c  s h e e t  and up t o  a he igh t  of  about 6 mm (lower p a r t )  

and another  value much l a r g e r  i n  t h e  upper region extending t o  

t h e  edge of t h e  fence.  The compensated values  a r e  h igher  than 

uncompensated except  f o r  one case. Almost i n  a l l  t h e  measure- 

ments  t h e  f i e l d  decays f a s t e r  i n  t h e  fence guide with widely 

spaced w i r e s .  

From t h e  measurements of t h e  fence guides t h e  e f f e c t s  of t h e  



26 





28 



29 

changes i n  t h e  g r i d  spacing a r e  inconclusive.  The mechanical 

t o l e rances  and measurement accuracy toge the r  tend t o  mask t h e  

effects of small changes i n  g r i d  spacings.  Fur ther  inves t iga-  

t i o n s  are i n  progress .  



30 

Appendix I 

Loading E f f e c t s  Due t o  t h e  Probe 

I n  f i e l d  measurements using probes,  it i s  essential  t o  keep 

d i s t o r t i o n s  of t h e  f i e l d s  by t h e  probes a t  a minimum. I n  fence 

guide measurements a capac i t i ve  monopole wi th  compensation i s  

being used as a probe., The assembly has  a maximum diameter of  

1,70 mm and a coax-cable of 0,82 rnm s i z e  is used. The r e l a t i v e  

s i z e  of t h e  probe t o  t h e  wavelength i s  shown i n  Fig.  1 7 .  A s  can 

be seen ,  t he  s i z e  of t h e  probe is  no longer  small  and t h e r e  w a s  

considerable  loading of  t h e  f i e l d  due t o  t h e  probe. 

Through a coupling ho le  with coupling i n  t h e  o rde r  of -20 db, 

t he  ou tpu t  power was continuously monitored and v a r i a t i o n s  of a s  

much a s  1 0 - 1 2  db were observed. The p l o t s  of t h i s  change i n  

power l e v e l  ( c a l l e d  loading curves)  are included f o r  var ious  f i e l d  

measurements. A t y p i c a l  p l o t  i s  Fig.  3 e By changing t h e  i n p u t  

power l e v e l  by a v a r i a b l e  a t t e n u a t o r ,  t h e  output  power level was 

then kept  cons tan t  f o r  t h e  compensation of t h e  loading  e f f e c t .  

Compensated p l o t s  are shown i n  Fig. 12. 

The following prel iminary observa t ions  can be made from t h e  

var ious loading  curves:  

(1) The amount of loading depends on t h e  i n t e n s i t y  of 

t h e  f i e l d ,  t h e  h igher  t h e  i n t e n s i t y ,  t h e  l a r g e r  t h e  

loading and v i c e  versa. 

( 2 )  Considerable d i s t o r t i o n  i n  t h e  f i e l d  d i s t r i b u t i o n  

r e s u l t s  due t o  loaeing. I n  some caseso  double peaks 

could be observed which w e r e  reduced or  completely 

e l imina ted  a f t e r  compensation f o r  loading. 





( 3 )  The measured f i e l d  due t o  loading is  lower by t h e  

amount of t h e  loading. 

I t  is  planned t o  i n v e s t i g a t e  t h e  e f f e c t  of probe s i z e  on 

loading and on the  methods of compensating f o r  t h e  loading 

e f f e c t s  . 
Appendix I1 

A s tudy of t h e  c a p a c i t i v e  monopole was made t o  see t h e  

e f f e c t s  of compensation and change i n  length  on t h e  s i g n a l  

picked up by t h e  probe. Longi tudinal  f i e l d  d i s t r i b u t i o n s  

were observed and evaluated i n  t h e  fence guide w i t h :  

(1) Q u a r t e r  wave monopole - 2 . 1  mm long 

( 2 )  X/8 mm monopole 

( 3 )  0.5 mm monopole 

( 4 )  Compensated q u a r t e r  wave monopole 

The following observa t ions  can be made from t h e  p l o t s :  

(1) The form of d i s t r i b u t i o n  i s  n o t  e f f e c t e d  by t h e  

type of probe used and 

( 2 )  The compensated X/4 probe has t h e  s t r o n g e s t  s i g n a l  

ou tput  0 

The q u a r t e r  wave monopole with compensation seems t o  be 

the  b e s t  among t h e  tested probes and i s  used for  t h e  measure- 

ments s 
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EXPERIMENTAL DETERMINATION O F  THE Q-VALUES 
O F  TWO FENCE GUIDE RESONATORS 

Abstract 

Two resonators  using fence guides with d i f f e r e n t  spacings 

of t h e  p o s t s  of t h e  w i r e  g r i d s  were cons t ruc ted  and prel iminary 

Q-measurements were carried out .  The fence guide r e sona to r s  

w e r e  then loaded by i n s e r t i n g  1/32" t h i c k  Rexol i te  s t r i p s  on t o p  

of the  dielectr ic  slabs between the  w i r e  g r i d s .  Fur ther  loading  

was obta ined  by adding a second s t r i p  of Rexolite.  Increased 

Q-values were obta ined  by the loading. The measured Q-values 

were then used f o r  t h e  computation of t h e  a t t enua t ion  of t h e  

fence guide. 
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EXPERIMENTAL DETERMINATION OF THE Q-VALUES 
OF TWO FENCE GUIDE RESONATORS 

In t roduct ion  

One of t h e  conventional methods for  the  measurement of 

t h e  a t t enua t ion  of a waveguide system involves  the measurement 

of the l o n g i t u d i n a l  f i e l d  d i s t r i b u t i o n .  From t h e  envelope o f  

t h e  d i s t r i b u t i o n ,  t h e  a t t enua t ion  of t h e  waveguide can be deter- 

mined, T h i s  technique w a s  appl ied  t o  determine the  a t t e n u a t i o n  

of a fence guide and a prel iminary f i g u r e  f o r  a t t enua t ion  w a s  

quoted i n  t h e  progress  r e p o r t  NGL 34-002-047 da ted  June 15, 1 9 7 0 .  

The f i e l d  probing technique, however, i s  a f f e c t e d  by f i e l d  dis-  

t o r t i o n s  and probe-loading e f f e c t s  and l a r g e  errors might r e s u l t .  

This i s  p a r t i c u l a r l y  t r u e  when t h e  device t o  be eva lua ted  has 

low a t t enua t ion .  A more accura te  method is  based on t h e  measure- 

ment of the  Q-fac tor  of a resonator  formed by a s e c t i o n  of the  

guide under i n v e s t i g a t i o n .  The method involves  t h e  measurement 

of t h e  d i f f e r e n c e  of  t h e  h a l f  power frequencies  of the  ou tpu t  

s i g n a l  and i n s e r t i o n  loss of t h e  transmission-type resonator .  

Two c a v i t y  resonators ,  each 175 mm long, w e r e  b u i l t  by 

using fence guides wi th  d i f f e r e n t  spacings of t h e  wires of t h e  

w i r e -  g r i d  side w a l l s ,  sw = 1.168 mm and sw = 1 . 0 1 6  mm. To couple 

the  energy i n  and o u t  of the  resonators ,  copper p l a t e s  with a 

s i n g l e  c i r c u l a r  hole were used on both ends,  The ho le s  w e r e  

pos i t ioned  symmetrically t o  t h e  dielectr ic  sheet of t h e  fence 

guide.  The copper p l a t e s  a l s o  r ep resen t  t h e  end wa l l s  of the  

two connecting r ec t angu la r  i n p u t  and ou tpu t  waveguides e 
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Q-Val u e M e  as usemen t s 

Measurements w e r e  made us ing  t h e  se tup  and technique out- 

l i n e d  i n  Progress  Report NGR 34-002-047/S2 of February 15, 1969. 

The va lues  of loaded Q were determined us ing  t h e  w e l l  known 

r e l a t i o n s h i p  
- f O  

Q L - E '  

where 

= resonant  frequency of t h e  resonator ,  
f O  

O f  = 3 dB - bandwidth of t he  resonator .  

The Q-values of the  two proto-type fence guide r e sona to r s  

were measured and compared. 

E f f e c t s  of i nc reas ing  t h e  thickness  of t h e  dielectric s l a b  

wi th in  t h e  fence guide on t h e  loaded Q of t h e  fence guide resona- 

t o r s  was a l s o  s tud ied .  The resonators  w e r e  loaded with 1/32" 

t h i c k  Rexol i te  ( c r  = 2.53) s t r i p s  over  t h e i r  f u l l  length.  The 

measured values  of t h e  loaded Q and of  t h e  i n s e r t i o n  loss of t h e  

t w o  resonators  under var ious  condi t ions  of loading and f o r  va r ious  

regonant f requencies  a r e  t abu la t ed  i n  Table 1 and T a b l e  2 .  

Evaluation of t h e  Measurements 

The following observa t ions  about t h e  behavior of t h e  re- 

sonators  can be made: 

(1) The fence guide resonator  with l a r g e r  w i r e  spacing 

= 1 , 1 6 8  mm) has s l i g h t l y  h ighe r  resonant  f requencies .  
(sW 

( 2 )  The i n s e r t i o n  l o s s e s  f o r  t h e  two resonators  under s i m i -  

l a r  loading condi t ions  a r e  approximately equal  e 

( 3 )  The fence guide resonator  w i t h  narrow w i r e  spacing 
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= 1.016 nun) has somewhat h igher  loaded Q-values 
(sW 

i n  t h e  region of h igher  f requencies .  

With i nc reas ing  loading,  t h e  number of wave modes 

i s  l a r g e r  f o r  both resonators ,  

Higher values  of loaded Q are measured when t h e  

resonators  are loaded w i t h  a s i n g l e  1/32" Rexoli te  

s t r i p ,  The loaded Q-values decrease again when a 

second 1/32" Rexol i te  s t r i p  was added. 

The resonant  frequency i s  s l i g h t l y  lower a t  loading 

w i t h  Rexol i te  s t r i p s .  

Fence Guide Attenuat ion 

One of t h e  b a s i c  informations t h a t  can be obtained from 

Q-measurements i s  t h e  loss proper ty  of the  s t r u c t u r e .  Tables 1 

and 2 l i s t  t h e  va lues  of loaded Q and i n s e r t i o n  loss, from which 

t h e  unloaded Q of t he  fence guide resonators  can be computed. 

The i n s e r t i o n  loss i s  i n  t he  order of  30 dB o r  g r e a t e r  and the  

3 unloaded Q i s  about 1 0 4 %  o r  less of t h e  loaded Q . The a t tenu-  

a t i o n  w a s  computed using the  r e l a t i o n s h i p  
2 

2kzQ I 

kO a = -  

2T  where ko = : A being free space wavelength, 
0 

- 2.rr ; A being guide wavelength, 
kZ - A- g g 

Q = Unloaded Q of t h e  resonator .  
4 The d a t a  of Fig.  lo, guide wavelength for  fence  guides a re  

used t o  compute kZe 

given f o r  t h e  two fence guides  a t  var ious  frequencies  i n  t h e  

The values  of a t t enua t ion  a i n  dB/mm are 
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34.0 - 37-0 GHz range i n  Tables 3 and 4, The a t t e n u a t i o n  of t h e  

fence guides loaded with one and t w o  s t r i p s  of 1/32" t h i c k  Rexo- 

l i t e  ( E ,  = 2,531 a r e  also included i n  t h e  t a b l e s .  The computatiQn 
.L 

f o r  t h e  loaded guides  are based upon 

for  the  unloaded fence guides,  

Disregarding some small changes 

t h e  two fence guides  d i f f e r e d  mainly 

The a t t enua t ion  a, for t h e  t w o  fence 

and 4 suggest  t h a t  a smal le r  spacing 

t h e  guide wavelength graphs 4 

due t o  mechanical t o l e rances  I 

i n  t h e  fence p o s t  spacing. 

guides  as given i n  Tables 3 

between the fence pos t s  

r e s u l t s  i n  a somewhat reduced a t t enua t ion ,  The loading with one 

Rexol i te  s t r i p  r e s u l t s  i n  a s i g n i f i c a n t  reduct ion  of t h e  fence 

guide losses. Fur the r  loading,  however, i n c r e a s e s  t h e  a t tenua-  

t i o n  again.  This behavior  suggests  t h a t  t h e r e  i s  an optimum 

loading  fo r  minimum a t t enua t ion  e Fur ther  s t u d i e s  are planned 

t o  s tudy t h e  effects of loading. 
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Table 1 

Resonator wi th  w i r e  spacing sw = 1.016 mm f o r  t h r e e  
d i e l e c t r i a - s l a b  conf igura t ions  (Fig.  1) -, 

(a)  Unloaded 8 

(b)  Loaded, s i n g l e  s t r i p ,  
(c)  Loaded, double s t r i p ,  

Resonant Freq. 
fo  ( G H d  

34.290 
34.861 
36.037 
36 e 615 

34.260 
34.783 
35.318 
35.850 
36.374 
36.615 

34,102 
34.574 
35.054 
35,528 
36.006 
36.374 
36.615 

I n s e r t i o n  L o s s  

(dB) 

46.60 
42.32 
39.65 
31.70 

33.70 
35.22 
33.05 
36.80 
23.30 
40.75 

39.05 
41.90 
38.10 
38.00 
37.42 
37.65 
38-85 

Loaded Q 

496.09 
701.15 
796.58 

1704,63 

1659.89 
1555.57 
1440.38 
1413.65 
2020,79 
2205.73 

995.97 
842.44 
900.65 
795.87 
835.00 

1959 e 81 
1977.03 
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Resonator w i t h  fence spacing sw = 1.168 nun for  three 
d i e l e c t r i c - s l a b  conf igura t ions  (Fig.  1). 

(a) Unloaded * 
(b)  Loaded, s i n g l e  s t r i p  
(c) Loaded, double s t r i p .  

34.294 
34 875 
36.046 
36.635 

45.12 
41 e 52 
41,77 
28.20 

689.73 
767.48 
705.66 

1554.97 

34 e 301 
34.826 
35,357 
36.381 
36.633 

33.05 
32.15 
29.75 
30.00 
37.35 

I 1337.78 
1136.61 
997,65 

1629.95 
1999.59 

34,335 
34 819 
35.311 
35.783 
36.381 
36.633 

36.02 
34 80 
32 50 
36.30 
36.15 
36.00 

1126.49 
920.16 

1201 a 05 
1378,39 
1169.04 
2180.56 
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T a b l e  3 

Fence guide with spacing sw = 1.016 mm f o r  t h r e e  
d i e l e c t r i c - s l a b  conf igura t ions  (Fig.  1) 

(a) Unloaded 
( b )  Loaded, s i n g l e  s t r i p .  
(c) Loaded, double s t r i p .  

Frequency 
GH z 

---I--- 
34.290 
34.861 
36.037 
36.615 

34.260 
34.783 
35.318 
35.850 
36,374 
36.615 

34 e 102 
34.574 
35 054 
35.528 
36.006 
36,374 
36.615 

Guide wave- 
length  (mm) 

11.603 
11.265 
10.610 
10.320 

11.620 
11.305 
11.005 
10.710 
10.440 
10.320 

11.730 
11.430 
11 e 155 
10.890 
10.630 
10.440 
10.320 

Unloaded Q Attenuat ion 
a(dB/mm) ----+-- 

498.57 
706.76 
805.34 

1750 e 65 

0.00829 
0.00587 
0.00518 
0.00239 

1006 a 93 
849.18 
911.91 
805.82 
846.69 

1985.29 
1998.78 

0.00411 
0.00488 
0.00456 
0.00517 
0.00493 
0.00211 
0.00210 
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T a b l e  4 

Fence guide w i t h  spacing sw = 1.168 nun f o r  t h r e e  
d i e l e c t r i c - s l a b  conf igura t ions  (Fig., 1) 

(a)  Unloaded a 

(b)  Loaded, s i n g l e  s t r i p ,  
(c) Loaded, double s t r i p .  

Frequency 
GH z 

34.294 
34 e 875 
36.046 
36.635 

34.301 
34 e 826 
35.357 
36.381 
36 633 

34 D 335 
34,819 
35 e 311 
35 783 
36.381 
36.633 

Guide wave- 
length  (mm) 

11,68 
11,32 
10 605 
10.270 

11.67 
11.34 
11.03 
1 0 . 4 1  
10.27 

11.645 
11.345 
11.055 
10 765 
10.408 
10.270 

Unloaded Q 

693.87 
773.62 
711.30 

1617.17 

1368.55 
1166.16 
1030.54 
1683.74 
2027.58 

1144 51 
936.72 

1230.47 
1400.44 
1187.74 
2215.45 

Attenuation 
a (dB/mm) 

0.00600 
0,00539 
0.00587 
0.00258 

0.00304 
0.00358 
0.00406 
0.00248 
0.00206 

0.00364 
0.00445 
0.00339 
0,00298 
0.00352 
0.00189 
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DIELECTRICALLY LOADED PARALLEL-WALL GUIDE 

Abstract 

The c h a r a c t e r i s t i c s  of  a pa ra l l e l -wa l l  waveguide loaded 

w i t h  d i e l e c t r i c s  of t h r e e  d i f f e r e n t  geometries are experimental ly  

inves t iga t ed .  Prel iminary r e s u l t s  of measurements of t he  longi-  

t u d i n a l  and t r a n s v e r s e  f i e l d  d i s t r i b u t i o n s  and t h e i r  eva lua t ion  

are presented,  The f i e l d  decrease towards t h e  guide opening, 

t h e  guide wavelength, and the  Q-value of t h e  waveguide a r e  com- 

puted. The fol lowing dielectr ic  s t r u c t u r e s  were considered: 

( a )  H-guide conf igura t ion  - t he  dielectric s t r i p  per- 

pendicular  t o  the side w a l l s ,  

(b) Dielectric s t r i p  p a r a l l e l  t o  t h e  s i d e  wal l s .  

(c) Dielectric rod, 
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Descript ion of t he  Guide 

The waveguide c o n s i s t s  of two copper side w a l l s  and t h e  

d i e l e c t r i c  structure i n  t h e  cen te r .  Fig.  la ,  lb, and IC show 

t h e  three conf igura t ions .  I n  the  case of t h e  H-guide, t h e  

dielectr ic  s t r i p  is  placed i n  t h e  cen te r  of the  guide by a t t ach -  

i n g  it t o  t h e  s idewa l l s  with double-coated adhesive tape.  The 

dielectr ics  fo r  t h e  other  t w o  guides are supported a t  each end 

on a s m a l l  p iece  of po lys t rene  foam a t t ached  t o  t h e  end wal-lei 

of t he  guides,  

The# measurements a r e  carried o u t  i n  a shorted s e c t i o n  of 

qh& guide w i t h  one of t h e  dielectric s t r u c t u r e s  a f t e r  the  other.  

*he d e t a i l e d  composition of  t h e  end s t r u c t u r e  i s  shown i n  Fig.  

Id ,  The resonator  end-wall w i t h  a c i r c u l a r  coupling hole  i n .  

the  c e n t e r  and t h e  end-plate  a r e  fas tened  by screws t o  t h e  end 

su r faces  of  t h e  sidewalls, Energy i s  fed from an open-ended 

waveguide i n t o  a r ec t angu la r  ho le  i n  t h e  end-plate  and i s  

coupled through t h e  c i r c u l a r  hole  i n t o  t h e  waveguide. 

Measurement Setup 

The procedure and the equipment fo r  t h e  f i e l d  d i s t r i b u t i o n  

and &-measurements w e r e  described i n  t w o  previous r e p o r t s  e 1,2 

The d i s t r i b u t i o n  of the  v e r t i c a l  component of the  electric f i e l d  

i n t e n s i t y  i n  t h e  l o n g i t u d i n a l  and t r ansve r se  d i r e c t i o n s  w e r e  ob- 

t a ined  us ing  a compensated c a p a c i t i v e  probe, The probe w a s  a l s o  

descr ibed i n  an e a r l i e r  progress  r e p o r t .  2 

Resul ts  of  F i e l d  Measurement 

Longi tudinal  f i e l d  d i s t r i b u t i o n s  a t  s e v e r a l  l o c a t i o n s  i n  

t h e  t r ansve r se  p lane  of each of the waveguides were obtained on, 
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qn x-y p l o t t e r .  The guide wavelengths can then be computed from 

such graphs, Two sample f i e l d  p r o f i l e s  are shown i n  Fig.  2 and 

Fig. 3 ,  

I n  o rde r  t o  f i n d  the  exponent ia l  f i e l d  decrease,  t he  a c t u a l  

f i e l d  v a r i a t i o n  i n  the x-d i rec t ion  w a s  measured a t  va r ious  longi-  

t u d i n a l  and t r a n s v e r s e  p o s i t i o n s ,  The graphs were then re- 

p l o t t e d  on l i n e a r  s c a l e s .  The s lope  of  the  r e s u l t i n g  l i n e a r  

graph y i e l d s  t h e  f i e l d  decrease i n  dB per  u n i t  l ength ,  

For  each waveguide t h e  f i e l d  decrease w a s  measured a t  

var ious po in t s  along the guide,  and an average determined. 

Figures 4 a  through 4e show the  averages of t h e  v e r t i c a l  f i e l d  

decreases  on a l i n e a r i z e d  dB-scale, Each graph shows a l a r g e  

number of measurement p o i n t s  and t h e  l i n e a r  average fo r  one of 

t h e  guides,  Table I g ives  a summary of t h e  r e s u l t s  of the  evalu- 

a t i o n  of these measurements e 

Resul t  of  Q-Measurements 

Tables I1 through I V  g ive  the  Q-values and t h e  a s soc ia t ed  

va lues  of i n s e r t i o n  loss measured f o r  t h e  type of  waveguides 

ind ica t ed  a t  the t o p  of each t a b l e .  The l i s t ed  values  of Q are 

those f o r  loaded s e c t i o n s  of t he  guide. The unloaded values  can 

be computed by t h e  use of an equat ion shown i n  Progress Report of 

February 15, 1969 ,  page 25, 

I n  t h e  case of the  H-guide conf igura t ion  having a 0 ,508  nun 

t h i c k  luca lox  c e n t e r  d ie lectr ic ,  t h e  Q-values of a f e w  modes 

were re-measured w i t h  both openings of t h e  guide covered with 

absorbing ma te r i a l .  I t  w a s  observed t h a t  t h e  maximum change i n  

Q-value fo r  the modes measured w a s  about 15%. 
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T a b l e  I1 

H-Guide Configuration o 

f GHz Q-value (Loaded) , Inser t ion  Loss 

35 109 
0.794 mm 35 674 
Rexoli te 36.245 

34.130 
1.59 mm 34,616 
R e  xo 1 i te  35 e 103 

35 e 591 
36 e 079 

34 D 475 
0.508 mni 35 051 
Lucalox 35.576 

36 107 

34,416 
34 570 
34.883 

1,57 mm 35 195 
Lucalox 35.351 

35.508 
35.669 
35.969 
36.134 
36.295 

2643 
2526 
2359 

2912 
2747 
3068 
2542 
2471 

53 86 
5546 
5232 
6182 

1781 
2182 
2325 
3013 
2482 
2360 
1994 
3611 
3041 
2592 

47 
47.8 
45,9 

41.6 
41.5 
40.3 
41.3 
39.4 

42.7 
39.3 
40,5 
38.1 

40 
36 
37.6 
35 
35.3 
36,7 
38.5 
34 
32.9 
33.8 

Table I T 1  

Pa ra l l e l -  Wall Guide w i t h  Dielectric Rod e 

f GHz Q-value (Loaded) I n s e r t i o n  Loss 
3,17 mm 
D i a m e t e r  34.848 889 46 
Re xol  i t e  35 e 719 719 44.7 

34 274 
3.17 mm 34.380 
Diameter 35,166- 
Lucalox 35,276 

3967 
970 

1387 
1592 

47 
45.70 
46.4 
45.5 
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Table I V  

Guide wi th  Dielectric S t r i p  Paral le l  t o  Walls# 

f GHz Q-value (Loaded) Ipsertion Loss 

34,425 
34.690 
34.911 

.508 mm t h i c k  35,218 
Lucalox 35 512 

35.704 
35.996 
36.256 
36,769 

10625 
6723 
6713 
3412 

10684 
7694 
6766 
4577 

11210 

34.369 1715 
.794 mm t h i c k  34,869 1660 
Rexoli te  35.372 1524 

35 e 875 1627 

29.9 
31.8 
33.5 
35.7 
30.2 
32.4 
30.4 
32.3 
26.3 

47. 
47. 
46.8 
46.7 

I, 
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EFFECTS O F  SURFACE ROUGHNESS AT 
MILLIMETER WAVES 

Abstract 

Preliminary r e s u l t s  of Q-value measurements f o r  t h e  

study of t h e  e f f e c t s  of s u r f a c e  roughness are given. The re- 

s u l t s  i n d i c a t e  t h a t  t h e  Q-value of resonators  decreases with 

inc reas ing  roughness. Data a r e  given which i l l u s t r a t e  t h e  

e f f e c t  

In t roduct ion  

T h i s  paper describes a cont inua t ion  of t h e  s tudy of the 

effects of su r face  p r o p e r t i e s  on t h e  su r face  r e s i s t a n c e .  I n  a 

previous r e p o r t  a technique was d iscussed  for  measuring su r face  

roughness by l i g h t  r e f l ec t ance .  By us ing  t h i s  technique and by 

measuring t h e  Q-values of resonators  with varying side w a l l  

roughness, it was found t h a t  a considerable  effect i s  caused by 

su r face  effects.  For  t h e  t w o  cases considered, t h e  conventional 

resonator  and a closed H-guide resonator ,  t h e  Q-values decrease 

w i t h  i nc reas ing  su r face  roughness. 

Descr ipt ion of t h e  Resonator 

The r e sona to r s  have a r ec t angu la r  form and have removable 

side w a l l s ,  A photograph o f  t h e  resonator  wi th  a dielectric 

s t r i p  i s  shown i n  Fig.  1, Orig ina l ly ,  a r e g u l a r  r ec t angu la r  

resonator  was used w i t h  s i x  ind iv idua l  walls,  This design made 

t h e  (2-value of the  r e sona to r  s e n s i t i v e  t o  t h e  torque exerted on 

t h e  screws when t h e  r e sona to r  was assembled. The design was 

then changed to  keep the  upper and lower w a l l s  permanently a t t ached  

t o  t h e  f r o n t  and back w a l l s ,  g iv ing  a maximum (2-valuep and allowing 
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Fig. 1 Closed H-guide resonator with a s i d e  w a l l  
removed e 
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t h e  removal of t he  side walls without d i s t u r b i n g  t h e  res t  of t h e  

setup.  With t h i s  arrangement, t h e  w a l l s  can be removed and ground 

t o  have var ious  degrees of s u r f a c e  roughness. To a s su re  t h a t  t h e  

side wa l l s  r e t u r n  t o  the  same p o s i t i o n  a t  t h e  replacement,  a 

f l a t  p l a t e  i s  forced a g a i n s t  the  bottom of t h e  r e sona to r  causing 

t h e  bottom su r faces  of t h e  side w a l l s  t o  l i e  i n  t h e  s a m e  common 

plane., The p res su re  of  t h e  screws on t h e  side wa l l s  i s  he ld  

cons tan t  by torquing t h e  screws t o  f i f t e e n  inch  pounds a t  each 

assembly and subsequent measurement. 

Roughness of t h e  S ide  Walls 

For t he  prepara t ion  of t he  side w a l l s ,  t h e  procedure de- 

scribed i n  t h e  r e p o r t  "Resul ts  of Light  Reflectance Measurements 

from Rough Surfaces" '  i s  used. 

f a c e s p  upper and lower w a l l s ,  which are pol i shed  t o  s i x  hundred 

g r i t  ab ras ive  paper,  i s  he ld  cons tan t  throughout t h e  measurements. 

The side wa l l s  are ground t o  t h e  var ious ab ras ive  paper l e v e l s  

and then  the i r  roughness i s  determined o p t i c a l l y .  The technique 

f o r  t h e  o p t i c a l  measurements was described i n  the  above r e p o r t ,  

The wa l l s  are then i n s e r t e d  and fas tened  in the r e sona to r  fo r  t h e  

Q-value measurements e 

The roughness of the  end sur- 

Q-Value Measurements 

The Q-value of t h e  r e sona to r  is  measured f o r  two cases .  

F i r s t ,  t h e  resonator  is  assembled as a conventional r ec t angu la r  

cavi ty .  Next it is assembled w i t h  a d ie lectr ic  s t r i p  i n s e r t e d  

c r e a t i n g  a closed H-guide resonator .  The dielectr ic  s t r i p  is 

supported by s m a l l  blocks of foam material having a dielectric 



60 

cons tan t  near  t h a t  of a i r  and p r a c t i c a l l y  no lo s ses .  The s m a l l  

blocks,  approximately 5mm by 2mm by 1.5mm, are loca ted  and 

a t tached  t o  t h e  end walls of t he  resonator .  They keep t h e  dielec- 

t r i c  s t r i p  a t  t h e  c e n t e r  of t h e  c i r c u l a r  coupling iris. The e f f e c t  

of t h e  blocks w a s  found t o  be n e g l i g i b l e ,  The basic technique 

f o r  t h e  Q-value measurements w a s  described i n  t h e  r e p o r t  "An 

Improved Q-Value Measurement Technique". The Q-value of both ,  

the closed H-guide and t h e  conventional resonator ,  w a s  measured 

f o r  var ious  degrees of side w a l l  roughness, 

Discussion of Measurements and Thei r  Resul ts  

For t h e  measurements t he  TElO9 mode is  se l ec t ed .  This 

mode has c u r r e n t s  flowing only across  t h e  upper and lower w a l l  

connections.  The closed H-guide has then the a d d i t i o n a l  advan- 

t a g e  of decreas ing  f i e l d  s t r e n g t h  values  a t  t he  upper and lower 

w a l l s ,  This r e s u l t s  i n  a considerable  reduct ion of t h e  l o s s e s  

a t  t h e  connection of the side w a l l s  t o  the  upper and l o w e r  w a l l s  

and gives  improved r e p e a t a b i l i t y  of t h e  measurementsI The reso- 

nant  frequency is  3 5 . 2  GHz f o r  t h e  conventional and 34.6 GHz f o r  

the  closed H-guide resonator .  

In  t he  frequency range above 1 0  GHz energy absorpt ion due t o  

t h e  water vapor i s  appreciable .  One maximum occurs n e a r  26  GHz 

and the magnitude of s i g n a l  a t t e n u a t i o n  becomes dependent on t h e  

humidity. For t h i s  reason and f o r  t he  e l imina t ion  of ox ida t ion ,  

t h e  var ious  w a l l s  and a s soc ia t ed  system components a r e  kept  dry  

i n  a n i t r o g e n - f i l l e d  g l a s s  jar .  T h e  c a v i t y  is  f i l l e d  wi th  d ry  

n i t rogen  fo r  t h e  measurements. 

The Q-values for  each set  of side wa l l s  are p l o t t e d  as a 
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funct ion of t h e  spread of  t h e  r e f l e c t a n c e  curvese The spread 

i s  taken as the  angular  displacement between t h e  p o i n t s  where 

the  photomul t ip l ie r  reads s ix - t en ths  of t h e  maximum l i g h t  am- 

p l i t ude .  The r e l a t i o n s h i p  between t h e  spread and the  su r face  

parameters is  n o t  y e t  established. A t y p i c a l  r e f l e c t a n c e  curve 

i s  shown i n  Fig.  2.  Figure 3 i l l u s t r a t e s  t w o  sets of data, one 

taken fo r  t h e  conventional resonator ,  t h e  o t h e r  w i t h  a dielec- 

t r i c  s t r i p  of luca lox  i n s e r t e d  i n t o  t h e  cav i ty .  Since the 

spread of  t he  r e f l e c t a n c e  curves i s  a r e l a t i v e  measure of  the  

su r face  roughness , the  measurements i n d i c a t e  t h a t  t he  Q-value 

of t h e  r e sona to r  decreases  w i t h  i nc reas ing  roughness. 

Two observa t ions  were made: The scat ter  of  t he  data is 

more pronounced f o r  t h e  conventional r e sona to r  and the  d i f f e r e n c e  

between the  two sets of d a t a  are l a r g e r  f o r  the  conventional 

resonator .  The s c a t t e r  i s  smaller f o r  t he  H-guide resonator  due 

t o  t h e  reduct ions  of the e f f e c t s  of the connections a t  t h e  upper 

and lower w a l l s ,  Although precaut ions a r e  taken t o  reduce t h i s  

e f f e c t ,  dev ia t ions  a t  t he  torquing  of screws t o  s p e c i f i e d  va lues  

and dev ia t ions  a t  a l ign ing  t h e  w a l l s  cause s m a l l  e r r o r s ,  The 

d i f f e rence  i n  t he  sets of data can poss ib ly  be explained by a 

d i f f e r e n c e  i n  the  condi t ion  of the  a i r  on t h e  days of t h e  measure- 

ments. To reduce such p o s s i b i l i t i e s ,  t h e  later measurements w e r e  

made w i t h  d r y  n i t rogen  i n  t h e  resonator .  Resul ts  of a normaliza- 

t i o n  of d a t a  w i t h  regard  t o  the  low roughness values  are shown 

i n  Fig,  4.  The diagrams i l l u s t r a t e  t h e  pronounced t r end  due t o  

su r face  roughness. There e x i s t s  a t  p re sen t  a l a r g e  discrepancy 

of t h e  t h e o r e t i c a l  (based on t h e  bulk value of DC conduct iv i ty)  
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and t h e  measured Q-values,  T h i s  e f f e c t  i s  a t  p re sen t  under 

i n v e s t i g a t i o n  .I 
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MEASUREMENTS ON MICROSTRIP LINES 

Abstract  

The propagation c h a r a c t e r i s t i c s  a t  m i l l i m e t e r  wavelengths 

of mic ros t r ip  t ransmission l i n e s  a r e  discussed,  The r e s u l t s  

of an experimental  i n v e s t i g a t i o n  of t h e  p r o p e r t i e s  of s t r i p  l i n e s  

on alumina s u b s t r a t e s  i n  t h e  frequency range of 31-35 GHz are 

repor ted  a 

In t roduct ion  

A mic ros t r ip  t ransmission l i n e  c o n s i s t s  of a metal  s t r i p  

and a ground plane separa ted  by a d i e l e c t r i c  s l a b  a s  shown i n  

Fig.  1. This conf igu ra t ion  has become a popular a l t e r q a t i v e  

t o  c l a s s i c a l  sh i e lded  t ransmission l i n e s  .due t o  i t s  a d a p t a b i l i t y  

t o  mass production of i n t e g r a t e d  microwave -c i rcui ts .  

The electrical  q u a n t i t i e s  of m i c r o s t r i p  - l i n e s  t h a t  a r e  i m -  

p o r t a n t  fo r  c i r c u i t  design are the  impedance, - t h e  guide wave- 

length  X the  propagation cons tan ts  01 a n d - @ ,  -and t h e  unloaded 

q u a l i t y  factor  Qu of sho r t ed  s e c t i o n s .  

n o t  support  propagation of pure TEM modes due t o  the d i e l e c t r i c  

interface,  TEM assumption appears t o  be a good f i r s t - o r d e r  approxi- 

mation, 

between t h e  above parameters,  t h e  geometry o f - t h e  mic ros t r ip  l i n e ,  

g' 
Although mic ros t r ip  can- 

Under t h i s  assumption, Wheeler' e s t a b l i s h e d  r e l a t i o n s  

and t h e  e f f e c t i v e  d i e l e c t r i c  const.ant c r '  of  t he  d i e l e c t r i c .  

The value of c r P  t h e  p r o p e r t i e s  of t h e  conductor and 

s u b s t r a t e  ma te r i a l s ,  and t h e  ope ra t iona l  frequency determine t h e  

t ransmission c h a r a c t e r i s t i c s  of t h e  l i n e .  The equat ions 
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governing these parameters,  assuming a s t r i p  of n e g l i g i b l e  th ick-  

ness  are: 

where 

= free space c h a r a c t e r i s t i c  impedance 

= e f f e c t i v e  f i l l i n g  factor, 
04 

qe  and 

Using the  above equa t ions l i t .  can be shown t h a t  fo r  a l i n e  

of a c h a r a c t e r i s t i c  impedance of 50 ohms on an alumina s u b s t r a t e  

and of a geometry ra t io .w/h  = 1, t h e  e f f e c t i v e  dielectr ic  con- 

s t a n t  i s  E ~ '  = 6.25  and t h e  guide wavelength X = 0.364 c m s  a t  

33  G H z ,  
4 

Wheeler's theory is  v a l i d  only f o r  the  case of TEM wave 

propagation. For t h i s  theory t o  be v a l i d  t h e  t r ansve r se  dimen- 

s ions  of t h e  m i c r o s t r i p  (w or h)  should be considerably less 

than X / 4 .  Otherwise both TE and TM su r face  waves may affect  

t h e  wave t ransmission,  
4 

Attenuat ion 

The m i c r o s t r i p  a t t e n u a t i o n  i s  caused by conductor and 

dielectr ic  l o s s e s ,  These l o s s e s  may be approximately computed 

by assuming a uniform c u r r e n t  d i s t r i b u t i o n  across  t h e  width of 

the  s t r i p  and a l s o  assuming t h a t  t h e  ground plane cu r ren t  i s  

d i s t r i b u t e d  uniformly under t h e  conductor. 
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The average power flowing through t h e  e n t i r e  c ross -sec t ion  

i s  given by 

Pt = 1 / 2 ( & / V )  

where d A  is an element area of t he  cross sec t ion .  

Assuming t h a t  t h e  losses p e r  u n i t  l eng th  are s m a l l  and 

t h a t  a i s  t h e  a t t e n u a t i o n  cons tan t ,  t h e  t r ansmi t t ed  power is 

where z i s  the d i r e c t i o n  of propagat ion,  p a r a l l e l  t o  t h e  s t r i p  

conductor and Po is  t h e  t r ansmi t t ed  power a t  z = 0 ,  

t h a t  t h e  a t t e n u a t i o n  is caused by conductor and dielectr ic  

losses only,  a can be expressed as 

Assuming 

where acl and ac2 are the  a t t e n u a t i o n  cons t an t s  due t o  t h e  

conductors and ad due t o  t h e  dielectr ic .  

Then, 

nepe r s /un i t  l e n g t h  t -dP/dz 'cl + 'c2 + 'd 
a=~2P(zJ- 2P(z) 

+ pc2 = a + ac2 and ad - 'd aG = c l  -zqzJ-,  

where Pclp Pc2 and Pd are the  average conductor and d i e l e c -  

t r i c  power losses pe r  u n i t  l e n g t h ,  and P ( z )  Pte 

The average power Pc d i s s i p a t e d  i n  t h e  conductor p e r  u n i t  

l e n g t h  i s  given by 
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where Rs = / 

ductor  boundary i n  t r a n s v e r s e ' d i r e c t i o n .  The power loss i n  

t h e  dielectr ic  p e r  u n i t  l eng th  i s  

and d l  i s  a length  element along the  con- 

evaluated over  t h e  d i e l e c t r i c  po r t ion  of t h e  cross s e c t i o n ,  

Since Pd and Pt  have the same region of i n t e g r a t i o n ,  w e  have 

which can be seen t o  be independent of the-geometry of t h e  con- 

ductor .  

d i e l e c t r i c  cons t an t (  Q = U E o E r / l )  

The conduct iv i ty  ad can be obta ined  from t h e  complex 

For a low loss d i e l e c t r i c ' s u c h  as alumina, t h e  d i e l e c t r i c  

losses a r e  very small  and can be neglected.  Hence, i f  t h e  con- 

duc tor  materials of t h e  ground plane and t h e  mic ros t r ip  a r e  t h e  

same, w e  f i n d  

where ac  i s  t h e  conduct iv i ty  i n ' d y ! !  and Rs is the  su r face  resis- 

tance.  Using t h e  above expression it can be-shown t h a t  t he  ex- 

pected losses a t  33 GHz for a copper s t r i p  of width and he igh t  

i s  0 .129  dB/cm. 

I n  p r a c t i c a l  cases, however, t he  c u r r e n t  d i s t r i b u t i o n  i s  

f a r  from uniform p a r t i c u l a r l y  for t h e  case.o€ low values  of W/h. 

Because of t he  mathematical complexities I e x a c t  expressions f o r  

t h e  c u r r e n t  d i s t r i b u t i o n  fo r  p r a c t i c a l  cases a r e  not  r e a d i l y  

access ib l e .  I n  view of t h e  l ack  of t hese  d a t a  Pucal e t  a1 2v3 
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adopted a d i f f e r e n t  approach based on a so-ca l led  "incremental  

inductance r u l e "  f o r  c a l c u l a t i n g  the  l o s s e s .  f o r  t h e  case of a 

nonuniform c u r r e n t  d i s t r i b u t i o n  and claim good agreement between 

theory and experiment. On t h e  o t h e r  hand, good agreement between 

predic ted  l o s s e s  based on a theory with uniform c u r r e n t  d i s t r i -  

bu t ion  and measured values  i s  a l s o  repor ted .  4,5 

Attenuat ion Measurements 

The measurement of a t t enua t ion  above 30 GHz r e q u i r e s  a l o w -  

loss t r a n s i t i o n  from waveguide t o  t h e  m i c r o s t r i p  l i n e .  For t h i s  

purpose a four-s tep r idged t ransformer w a s  .designed t o  transform 

t h e  waveguide impedance t o  t h a t  of mic ros t r ip .  A t h i n  beryl l ium 

copper s t r i p  was connected t o  t h e  r i d g e  waveguide, The design 

procedure o u t l i n e d  i n  re ferences  6 and 7 w a s  used t o  compute t h e  

des i r ed  impedance a t  each s t e p  and the  mechanical dimensions. 

The h e i g h t  of t h e  l a s t  s t e p  w a s  s e l e c t e d  such t h a t  t h e  dielectric 

h i t s  and s tops  a g a i n s t  t h e  r idge .  The mechanical arrangement is  

shown i n  Figures  2 and 3 .  

For t h e  determinat ion of the  i n s e r t i o n  l o s s e s  o f  t h e  t r a n s -  

formers # two i d e n t i c a l  transformers were capac i t i ve ly  connected 

back t o  back., T h i s  permit ted t h e  adjustments-of  t he  coupling 

capaci tance f o r  ob ta in ing  maximum ou tpu t  a t  a number of frequen- 

cies. T h e  r e s u l t s  of t h e  measurement of t h e  a t t e n u a t i o n  versus  

frequency are shown i n  Fig. 4. 

The a t t e n u a t i o n  cons tan t  of a m i c r o s t r i p  l i n e  of t h e  follow- 

ing s p e c i f i c a t i o n s  w a s  determined next.  
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Center conductor 
(copper 0 . 0 0 0 3 " j  

Zielectric sub- 
s t r a t e  ( A l u m i n a  
33.025 " )  

C h r o m i u m  kase layer 
( 1 0 0  - 200OA) 

C h r o m i u m  base 
layer ( L O O  - 230OA) 

\ Copper m e t a l i z a t i o n  
( 0 . 0 0 0 3 " )  

Fig. 1 

F i g .  1 Microstrip (sectional v i e w ) .  

F ig .  2(a )  

? ige  2 Ridge t r a n s f o r m e r e  
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31 32 33  34 35 
Frequency CGHz) 

36 37 

Fig. 4 Measured insertion loss  vs. frequency 
of r idge transformer and microstrip, 

A Transformer only. 
B Transformer and line, 



73 

0.7 

0.6 

0.5 

0 * 4  

0.3 

0.2 

0 . 1  

0 

0 

c 

32 33 3 4  35 36 37  

Frequency (Gil z j 

F ig .  5a  At tenuat ion  vs, frequency af m i c r o s t r i p  Line. 
A From i n s e r t i o n  loss  measurements, 
B From Q-value- measurements. 
C Theore t i ca l  r e l a t i o n s h i p ,  
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Micros t r i p  data : 

S u b s t r a t e  material  
S u b s t r a t e  t h i ckness  
S u b s t r a t e  f i n i s h  
Dielectric cons t an t  

Loss t angen t  

Conductor material 
Conductor width 
Conductor t h i ckness  
B a s e  l a y e r  
B a s e  l a y e r  t h i ckness  
Line l eng th  

99 5% alumina 
0.025 i n .  
2 microinches 
9.3-9 ., 7 (quoted 
va lue  a t  1 0  .GHz) 
0 . 0 0 0 1  (quoted 
va lue  a t  1 0  G H z )  
Copper 
0.025 i n .  
0.0003 i n .  
chromium 
100-200 A 
2 i n ,  

For determining t h e  t o t a l  i n s e r t i o n  loss ( inc lud ing  t h e  l i n e ) ,  

t h e  energy w a s  c a p a c i t i v e l y  coupled t o  the l i n e  a t  t h e  i n p u t  

and o u t p u t  p o r t s .  The coupl ing w a s  e a s i l y  a d j u s t a b l e  by vary ing  

t h e  gap between t h e  connecting t a b  and t h e  l i n e  and also by 

moving t h e  l i n e  l a t e r a l l y  by a s m a l l  amount. I n  measuring t h e  

i n s e r t i o n  loss,  t h e  coupl ing w a s  a d j u s t e d  f o r  maxium o u t p u t  a t  

each frequency. From the  knowledge of  t he  i n s e r t i o n  loss due 

to  t h e  t ransformers  a lone,  t h e  a t t e n u a t i o n  of t h e  l i n e  was com- 

puted,, The r e s u l t s  are shown i n  F igs .  4 and 53". 

Q-Value Measurements 

The a t t e n u a t i o n  cons t an t  w a s  a l so  computed from &-value 

measurements us ing  a sho r t ed  s e c t i o n  of t h e  m i c r o s t r i p  l i n e  as 

a r e sona to r .  A t  t h e s e  measurements t h e  m i c r o s t r i p  w a s  c r i t i -  

c a l l y  coupled t o  t h e  connect ing waveguides. The c r i t i c a l  

coupl ing w a s  p r e f e r r e d  as t h i s  suppresses  spu r ious  resonances 

produced by mismatches. An added advantage of t h i s  coupling 

w a s  t h a t  it w a s  e a s i l y  monitored on t h e  osc i l l o scope .  A l s o ,  

f o r  t h i s  coupl ingl the  unloaded q u a l i t y  f a c t o r  i s  simply t w i c e  

t he  loaded q u a l i t y  factor.  The &-value o f  t h e  r e sona to r  w a s  
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eva lua ted  f r o m  t h e  VSWR measurements a t  s e v e r a l  f requencies  on 

e i t h e r  s i d e  of  resonance, I t  can be e a s i l y  shown t h a t  t h e  Q and 

the  VSWR are r e l a t e d  by t h e  equat ion,  

where S i s  t h e  VSWR a t  any frequency f and So is  the  VSWR a t  

resonance frequency, A p l o t  of 9 + 1/S versus  ( f  - fo)  g ives  

a s t r a i g h t  l i n e , t h e  s lope  of which i s  

2 

From t h i s  it can be seen t h a t  

Measurement r e s u l t s  are shown i n  Fig.  5b. The coupling con- 

d i t i o n  requi red  f o r  computation of t h e  unloaded Q w a s  obtained 

by p l ac ing  a VSWR m e t e r  ( s l o t t e d  l i n e )  i n  f r o n t  of t h e  resonator .  

The probe of t h e  SWR meter w a s  inser ted  i n t o  t h e  guide and t h e  

trace of t h e  r e f l e c t e d  power w a s  observed on t h e  scope as t h e  

probe d i s t ance  f r o m  t h e  r e sona to r  w a s  va r i ed ,  Fkom t h e  na tu re  

of t h e  locus t r a c e d l  t h e  coupling condi t ion  can be obtained.  

The d i r e c t i o n  of t he  t ravel  of locus  t r a c e d  o u t  i s  c lockwise  f o r  

the  svercoupled case and t h e  ohpos i te  f o r  undescohpling as t h e  

probe moves away- from the  cav i ty .  I n  case of c r i t i ca l  coupling 

t h e  movement of t h e  trace i s  n e g l i g i b l e .  The values  of VSWR 

w e r e  ob ta ined  by eva lua t ion  of the  probe ou tpu t  a t  s e v e r a l  

f requencies .  

Analyzing the equiva len t  c i r c u i t  of t h i s  resonator ,  it 
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3 can be shown t h a t  t h e  a t t e n u a t i o n  cons tan t  becomes 

where B = 2a/Ag. 

The guide wavelength w a s  obtained from f i e l d  p l o t s  

along the  l i n e  us ing  a compensated probe, Two examples of 

such p l o t s  a r e  shown i n  Fig.  7 and 8. The measured value o f  

X differed only by 5% from t h e  computed values  using a value 

of 6 . 2 5  f o r  t h e  e f f e c t i v e  d ie lec t r ic  cons t an t  of alumina. 
g 

The r e s u l t s  of computed va lues  of a t t e n u a t i o n  using 

t h i s  method a t  f o u r  d i f f e r e n t  resonant  f requencies  are shown 

i n  Fig.  5a. 

Con c l u s  ions  

The values  of guide wavelength computed from the  f i e l d  

p a t t e r n s  above t h e  mic ros t r ip  l i n e s  us ing  a compensated probe 

are i n  agreement w i t h  the  p red ic t ed  va lues  based on Wheeler's 

theory ,  I t  w a s  found t h a t  t h e  e f f e c t i v e  dielectr ic  cons t an t  

of alumina a t  35 GHz i s  6,25, 

From Fig. 58, it can be seen t h a t  cons iderable  d i sc repanc ie s  

e x i s t  between t h e  computed l o s s e s  and t h e  measured losses ex- 

pressed by t h e  a t t e n u a t i o n  cons tan ts .  One probable explana- 

t i o n  fo r  t h i s  d i f f e r e n c e  i s  t h a t  t he  a c t u a l  su r f ace  conduct iv i ty  
7 of copper a t  35 GHz i s  much l o w e r  than the  DC va lue  of 5.8 x 1 0  

m h o s / m  used i n  computing t h e  l o s s e s ,  Also, the assumption of 

uniform c u r r e n t  i n  p r a c t i c e  i s  f a r  f r o m  being t r u e  s i n c e  t h e  

geometry ra t io  of the l i n e  used is un i ty .  
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As t h e  e x a c t  value of the  loss  tangent  for alumina a t  

35 GHz w a s  n o t  a v a i l a b l e ,  a value of 0.0001 w a s  assumed i n  

Che aomputation, which is  probably t r u e  a t  X-band, The loss 

tangent, a t  30 GHz can be expecrted t o  be h ighe r  than t h i s  va lue  

and hence t h e  dielectric l o s s e s  may be of comparable magnitude 

to the  conduction losses and hence cannot be neglected.  

Another effect may be the  i n t e r a c t i o n  of su r face  waves 

w i t h  t h e  TEM microstrip waves. F ie ld  measurements on the  

d i e l e a t r i c  d id  i n d i c a t e  t he  ex is tenqe  of t h e s e  surface waves 

and p a r t i c u l a r l y  above 34 GHz. Thei r  l e v e l  was on ly  about 

1 0  dB below $hat of t h e  TEM waves on t h e  s t r i p .  This may 

cause h ighe r  losses measured above 34 GHz. The i n t e r a c t i n g  

su r face  waveg are probably of t h e  TM-type. Fur ther  s t u d i e s  

of t h e s e  phenomena are i n  progress. 

Photographs of t h e  s t r i p  l i n e  and of t h e  r e f l e c t i o n -  

type measurement s e t u p  for t h e  determinat ion of t h e  Q-valuep 

a r e  shown i n  Figs. 9 and 1 0  r e spec t ive ly .  
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Fig.  5b: Relat ionship between s tanding  wave 

Frequency GHz Coupling 
r a t i o  and frequency devia t ion  a 

A 32.1 Under cou@;ing, 
B 33.07 Over cauplirig e 

C 33.99 Over< cou.plincj I) 

E 35.9 Under coupling. 
D 34.9 Under COUPl i I ' lg  
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Fig. 9 Microstrip transmission line with 
connecting waveguides e 

Fig. 10 Reflection-measurement setup for 
the de termination of the Q-value e 
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